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Crack Tip Deformation Field Measurements Using
Coherent Gradient Sensing
Hareesh V. Tippur1, Sridhar Krishnaswamy2 and Ares J. Rosakis3
Abstract
A real time, full field, lateral shearing interferometry - coherent gradient sensing (CGS) - has recently
been developed for investigating fracture in transparent and opaque solids. The resulting interference
patterns are related to the mechanical fields by means of a first order diffraction analysis. The method has
been successfully applied to quasi-static aiid dynamic crack tip deformation field mapping in homogeneous
and bimaterial fracture specimens.
Introduction
In recent times, optical methods have greatly assisted in understanding the fracture mechanics of solids
through local crack tip field measurements [1]. Photoelasticity [2], geometric moire methods [3,4], and
caustics [5,6] are some of the commonly used incoherent optical methods in fracture mechanics. Moire
interferometry [7] , holography [8], Twyman-Green interferometry [9] fall into the category of coherent
optical methods used in experimental fracture mechanics. These techniques can be readily applied to
quasi—static, elastic and/or elasto-plastic crack growth investigations. For measuring crack tip fields near
dynamically growing cracks, however, photoelasticity [10,11] and caustics [12} are generally used. Optically
birefringent models are required for dynamic photoelastic studies while the method of caustics can be used
with both opaque and transparent solids. Caustics, however, is not a full field optical method and hence
finer details of the crack tip fields may not be apparent. There has been a need for a simple, full field
technique for dynamic fracture mechanics which can be used with either opaque solids or optically isotropic
transparent solids.
A relatively new optical method, coherent gradient sensing (CGS) has been developed for quasi-static
and dynamic fracture mechanics investigations. It is a lateral shearing interferometry wherein a pair of
gratings is used as a wave front shearing device. CGS has several advantages. It provides full field interfer-
ence patterns corresponding to the deformation fields in real time. The method can be applied to crack tip
field measurements in both transmission mode and reflection mode. This feature allows one to use CGS to
study either optically isotropic transparent solids or opaque solids. The relative insensitivity to vibrations,
controllability of resolution of measurements and simplicity are some of the additional advantages. The
purpose of this article is to present a review of the method and provide examples which demonstrate the
feasibility and applicability of CGS to the study of quasi-static and dynamic fracture of homogeneous and
bimaterial solids.
Coherent Gradient Sensing
Experimental Set-up
In Fig.(1) the schematic of the experimental set up used for transmission CGS is shown. A transparent,
optically isotropic specimen is illuminated by a collimated bundle of laser light. The transmitted object
wave is then incident on a pair of chromium-on-glass master gratings, G1 and G2, separated by a distance
A. The field distribution on the G2 plane is gathered by a lens L1 and its spatial frequency content is
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displayed on its back focal plane. Information around either the 1 diffraction orders is filtered in order
to obtain interference patterns representing stress gradients on the image plane.
Figure (2) shows the modification of the above set up for measuring surface deflections of opaque solids
when studied in reflection mode. In this case, the specularly reflecting object surface is illuminated by
a collimated beam of laser light using a beam splitter. The reflected beam, as in the previous case, gets
processed through the optical arrangement which is identical to the one shown in Fig.(1).
A first order diffraction analysis is presented in the next sections will demonstrate that the interference
patterns obtained are related to local crack tip deformations namely, gradients of in—plane stress or gradi-
ents of out-of-plane displacement.
Working Principle
The process of object wave shearing by a pair of line gratings is shown schematically in Fig.(3). For
the sake of simplicity of representation, the line gratings are assumed to have a sinusoidal transmittance.
Let the grating lines of G1 and G2 be parallel to, say, the x1-axis. A plane wave transmitted through or
reflected from an undeformed specimen and propagating along the optical axis, is diffracted into three plane
wave fronts E0, E1 and E1 by the first grating G1 . The magnitude of the angle between the propagation
directions of P20 and E± is given by the diffraction equation 0 = sin1(A/p), where A is the wave length
and p is the grating pitch. Upon incidence on the second grating G2, the wave fronts are further diffracted
into E(o,o), E(o,1), E(1,_1), E(i,o), E(1,1) etc. These wave fronts which are propagating in distinctly different
directions, are then brought to focus at spatially separated diffraction spots on the back focal plane of
the filtering lens. The spacing between these diffraction spots is directly proportional to sin 0 or inversely
proportional to the grating pitch p.
Now, consider a plane wave normally incident on a deformed specimen surface. The resulting trans-
mitted or reflected wave front will be distorted either due to changes of refractive index or due to surface
deformations. This object wave front that is incident on G1 now carries information regarding the specimen
deformation, and consists of light rays travelling with small perturbations to their initial direction parallel
to the optical axis. If a large portion of such a bundle of light has rays nearly parallel to the optical axis,
each of the diffraction spots on the focal plane of L1 will be locally surrounded by a halo of dispersed light
field due to the deflected rays. The extent of this depends on the magnitude of the deformations. By using
a planar aperture at the filtering plane, information existing around one of the spots can be further imaged.
Analysis
Consider a specimen whose midplane, in transmission, or surface, in reflection, occupies the (x1, x2)
plane in the undeformed state. Let ej denote unit vector along x-axis, (i = 1 2, 3) [see Fig.(4)]. When
the specimen is undeformed, the unit object wave propagation vector d0 = e3. After deformation, the
propagation vector is perturbed and can be expressed by,
d0 = a0e1 + 30e2 + 0e3, (1)
where Qo(Xi, X2), i30(x, x2), and 70(xi , x2) denote the direction cosines of the perturbed wave front. This
upon incidence on G1, the grating lines of which are parallel to, say, the x1-axis, is split into three wave
fronts propagating along d0, d±i and whose amplitudes Eo(x'), E±i(x') can be represented by,
Eo(x') = aoexp[ikdo .x'], Ei(x') = a1exp[ikd1 .x'], (2)
where a0 and a±i are constants and k = 2ir/,\ is the wave number. Now, the propagation directions of the
diffracted wave fronts can be related to the direction cosines of the incident propagation vector through
[See ltef.13 for detailsj,
d1 = [c0e1 + (3 cos C ° sin O)e2 + cos C /3 sin C)e3], (3)
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using the diffraction equation 9 = sin1(A/p). On the plane G2 (x = L\) [see Fig.(4)], the amplitude
distribution of the three diffracted wave fronts are,
I (L\EoI' = aoexp [zk —) , (4)
1. L 1E1 J' = ai exp I ik . I . (5)3 1 (70cos9i30sinO)j
The wave fronts E0, E±i will undergo further diffraction upon incidence on G2 into secondary wave
fronts E(o,o), E(o,i), E(1,_i), E(i,o), E(i,i) etc. Of these secondary diffractions, E(o,i) and E(i,o) have their
propagation direction along d1 , E(o,_i) and E(_i,o) along d_1 and E(o,o), E(ii) and E(i,_i) along d0[Fig.(3)]. If the information is spatially filtered by blocking all but diffraction order, only the wave
fronts E(o,±l) and E(±lo) contribute to the formation of the image. Noting that the two wave fronts do not
acquire any additional relative phase differences after G2, the amplitude distribution on the image plane
is,
Eim (Eo + E±i)I' = a0exp [ik ()] + a1 exp [ik . ] . (6)3 7o (70 cos 0 :F /3 sin 0)
Hence, the intensity distribution on the image plane, for small 0 and small defiections (y 1), is,
'im EimEm a + 4 + 2a0a1 cos(kz/300), (7)
where Em S the complex conjugate of Eim. Thus, 'im denotes an intensity variation on the image plane
whose maxima occur when
kz/300 = 2M2ir, M2 = O,±1,±2 , (8)
where M2 denotes fringe orders. Similarly, when the grating lines of G1 and G2 are parallel to the x2-axis,
it can be shown that,
kLa00=2A'I1ir, M1 =O,±1,±2 (9)
Equations (8) and (9) are the governing equations for the method of CGS and they relate fringe orders
to the direction cosines of the object wave front. In the above two equations note that the sensitivity of
measurement can be easily controlled by either the grating separation distance Lor the grating pitch p.
Direction Csines and Crack Tip Deformations
The direction cosines of the object wave front can be related to crack tip deformations for both transmis-
sion and reflection CGS.
(a) Transmission
Consider a planar wave front normally incident on an optically isotropic, transparent plate of uniform
nominal thickness h and refractive index n. Now, if the plate is deformed, the transmitted wave front
acquires an optical path change S which is given by the elasto-optical equation [14],
fl/2
t5S(xi,x2) = 2h(no — 1)] d(x3/h) + 2h1 5n0 d(x3/h). (10)0 0
The first term represents the net optical path difference due to the plate thickness change caused by the
strain component €33. The second term is due to the stress induced change in refractive index of the
material. This change in the refractive index 5n0 is given by the Maxwell relation,
fl0(X1,X2) = Di(au + t722 + 733),
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where D1 is the stress-optic constant and a23 are stress components. For an isotropic, linear elastic solid,
strain component E33 can be related to stresses and thus Eqn.(1O) can be written as,
s = 2h (Di _ (n° — 1)) j1/2 { + a22) [i + D2 ((ai 22))1 } d(x3/h), (11)
D v(np—1)
where D2 = LID E E and v are the Young's modulus and the Poisson's ratio of the material,
respectively. The abve equation is written in such a way that the second term in the square brackets
represents the degree of plane strain. When plane stress is a good approximation, this term can be neglected
and Eqn.(11) reduces to,
5S ch(&i1 + &22), (12)
where c = D1 —
*(no — 1) and & and ô2 are thickness averages of stress components of the material.
Using these, the propagation vector for a perturbed wave front can be expressed as,
V(S) O(öS) O(5S)d0=
IV(S)I Ox1 e+ ax2 e2+e3 (13)
for V(5S)12 << 1 and where S(xi,x2,x3) = x3+5S(xl,x2)=constant. Using Eqn.(13) in Eqn.(1), we can
obtain the direction cosines of the propagation vector. Also, by comparing Eqn.(13) with Eqns. (8) and
(9), the fringes can be related to the gradients of (& + ô2) as follows:
ch1&22) , M. = O,±1,±2..., a = 1,2. (14)
(b) Reflection
Consider a specimen whose reflective surface occupies the (x1,x2) plane in the undeformed state
[Fig.(4)J. Upon deformation, the reflector can be expressed as,
F(xi,x2,x3) = x3 + u3(x1,x2) = 0. (15)
where U3 15 the out-of-plane displacement component. The unit surface normal N at a generic point
O(xi,x2) is given by, VFN =
IVFI u3,1e1 + u3,2e2 + e3 (16)
U3,a implies differentiation with respect to x. Consider now, a plane wave which is incident on the specimen
along the —x3 direction. Let d0 be the unit vector along the reflected ray whose direction cosines are c,
/3 and y,. From the law of reflection, and noting that vectors d0, N and e3 are coplanar, one can show
that [13J the direction cosines of d0 can be related to the gradients of u3 by,
2u,1, /3 2u3,2, 1. (17)
Using the above in Eqns. (8) and (9), we get,
on3 Mcp
—-——, M=O,±1,±2 (18)Ox 2L
where the fact that 0 (A/p) and k = 2ir/\ are made use of. For an isotropic, linear elastic solid,
out-of-plane displacement n3 can be expressed as follows:
vh f1/2( I 03.3 1)
U3 = —— I (cii +U22) Ii — I d(x/h). (19)E ..'o '. L v(o11 + °22)J
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In the above, the second term in the square brackets represents the degree of plane strain and when plane
stress is a good approximation, it can be neglected. Thus, the above equation reduces to,
U3 =
—(& + &22). (20)
Hence Eqns. (18) can be expressed as,
thL3
_
vh ô(&11 + &22) (Map M — 0 2
OXa 2E OX YX) ' ,± (21)
Applications to Fracture Mechanics
(a) Static Experiments
Fracture specimens for transmission CGS are made from a sheet of PMMA of nominal thickness 9 mm.
The specimen geometry and the three point bend loading configuration used is shown in Fig.(5). Several
different crack length (a) to plate width (w) ratios, are studied. A band saw, approximately 0.75 mm thick,
is used to cut notches in these specimen. A collimated laser beam of diameter 50 mm is centered around the
crack tip and transmitted through the specimens in these experiments. The object wave front propagates
through a pair of line gratings of density 40 lines per mm with a separation distance z=30 mm. For
the experimental parameters chosen, the sensitivity of measurement is approximately 0.025 degree/fringe.
Figure (6) shows the crack tip fringes (a/w = 0.2) when the grating lines are perpendicular to the x1-
and x2-axes, respectively, for an applied load P=1775 N. These fringes represent contour maps of constant
ch822) [see, Eqn.(14)].
For analyzing the crack tip deformation fringes, a linear elastic plane stress asymptotic field is assumed
to prevail in the crack tip vicinity. Using Williams' expansion [15] for mode-I cracks and Eqn.(14), we find,
ô(&11+&22) 00 (N •\ (li2' N M1pch
ax =ch>AN--—1) r'2 icos(1—2)Ø__, (22)1 N=1
chO1 &22) ch AN ( - i) r(*_2) sin( — 2)ç5 = (23)
where r and q5 are the polar coordinates defined at the crack tip and AN are constants. Here, A1 is pro-
portional to the stress intensity factor Kj (A1 = 2Kj/v") and A2, ..., AN denote the constant coefficients
of the higher order terms. It should be noted that the term corresponding to N = 2 in Eqns.(22) and (23)
identically vanish. This implies that the constant stress term in & of the Williams' expansion does not
contribute to the formation of the fringes in CGS. This feature, could be an advantage if a single parameter
fit of the experimental data is sought.
A K-dominant crack tip field can now be defined as the one in which the contribution from N  2
terms is negligible when compared to the first term. Thus, when a K-dominant field exists near the crack
tip, Eqns.(22) and (23) reduce to,
I —3/2
—1/2 iPch—r cos(3çt/2) + O(r ) = —, 24
—3/2 .
—1/2 M'2pch—r sin(3ç5/2) + O(r ) = —, 25
where the negative sign has been absorbed in to fringe orders Ma. Now let us define two functions y(i)
and y(2) as follows:
(Mp\ r (26' 'v" z I ch cos(34/2)'
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Y(2)(r çb) —
r3/2 (27),
'\ z ) ch sin(3q5/2)
It is apparent from the above two relations that when a K-dominant field adequately describes crack tip
deformations, then y(a) ( 1, 2) is identically equal to the mode-I stress intensity factor Ki. To measure
y(a) from fringe patterns, the pictures are digitized and fringe order (Mc) and radial distance (r) along
different directions () around the crack tip are tabulated. Functions y(a) are plotted against normalized
radial distance (r/h) in Figs.(7). The predicted value of K1 based on the applied load measurement is
indicated as jç2D [16]. Interestingly, a K-dominant field seems to exist near the crack tip in this specimen
geometry (a/w = 0.2). This is reflected by the constant value of y() which is within about 10% of the
predicted value in the range 0.5 < r/h < 1.25. When (r/h) < 0.5, however, the data seem to under
estimate the value of j2D by more than the typical experimental errors that one would anticipate. One
can attribute this behavior to the three dimensional deformations which dominate the immediate vicinity
of the crack tip [14].
Existence of a significantly large region of K-dominance is not automatic in all fracture specimen
geometries. In Fig.(8a), crack tip fringe pattern 8122) for a specimen geometry with a/w = 0.32 is
shown. The corresponding y(l) ? r/h plot is shown in Fig.(8b). It is clearly evident from the plot that,
even beyond the so-called 3-D zone (0 < r/h < 0.5), y(l) s not a constant and hence K-dominance
assumption is inadequate for interpreting fringe patterns in this situation. Under such circumstances, the
contributions of higher order terms to the crack tip field can be accounted for using Williams' asymptotic
field {Eqns. 23,24]. An over deterministic least square analysis is performed using the digitized data to
delineate the higher order contributions from the K-dominant contributions. A systematic approach of
determining the appropriate number of higher order terms to be used in the data processing is discussed
in detail in Ref.[17]. A three term (A1, A3, A4) expansion field, in this case, seems to fit the experimental
data reasonably well (see, Fig.8a - broken line). Besides, the value of K1 measured is in good agreement
with the predicted value J(D based on the boundary load measurement.
Applicability of CGS to opaque solids is demonstrated by using the technique in reflection mode [Fig.(2)]
to map surface deformations in single edge notch, three point bend specimen made of PMMA (plate thick-
ness of 11.7 mm). Commercially available PMMA sheets have about 5-7% of reflectance per surface. This
feature is made use of in reflection CGS experiments presented here. The crack tip region is illuminated by
a collimated laser beam using a beam splitter and the rear surface reflections are eliminated by painting
the surface by flat white paint. Thus, the notch tip interference patterns in this case are produced entirely
due to the nonuniform out-of-plane surface displacements. The fringe patterns observed in reflection CGS
are shown in Fig.(9). As previously described, they represent contours of constant surface gradients
where U3 15 the out-of-plane displacement component. The sensitivity of measurement is approximately
0.0125 degrees/fringe - twice that of transmission CGS for the same values of experimental parameters (p
and L\). These fringe patterns can be interpreted, in a manner similar to transmission CGS patterns, using
Eqn.(21) and the Williams expansion field for (ô1 + &22) [see Itef.15 for details}.
(b) Dynamic Crack Growth Experiments
Dynamic crack propagation experiments are conducted using fracture specimens made of PMMA sheets.
The specimen geometry is similar to the one shown Fig.5. A 0.75 mm thick stater notch is cut in these
specimens. For reflection CGS, the specimen is made specularly reflective by depositing a layer of aluminum
using vacuum deposition process whereas no special preparation is required for transmission specimens.
The specimens are subjected to dynamic loading in a Dynatup 8100A drop-weight tower with impact
velocities in the range of 2-5 m/sec. The freely falling weight impacts and loads the specimen dynamically to
the point of crack initiation followed by rapid crack propagation. The experimental configuration provides
mode-I loading conditions. The interference patterns due to dynamic crack tip deformation fields are
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recorded using high speed photography. A cavity-dumped Argon-Ion laser pulsing with a repetition rate
of 7-10 /s and 50 ns pulse width is used as the strobe light source. The region of interrogation in these
experiments is approximately 50 mm diameter region around the crack tip. The event is recorded using an
air turbine driven, rotating mirror type, continuous access, streak camera. The falling weight when contacts
the specimen, triggers the light source to produce light pulses at the above said rate for a duration of less
than or equal to the pre-set period of the rotating mirror to avoid over writing or overlapping of images
on the film track.
The time sequence ofa typical transmission and reflection CGS interference patterns are shown in Fig.11
and Fig.12, respectively. They represent the deformation field ch22) and near the propagating
crack, respectively. The sensitivity of measurements are same the ones used in the static experiments. The
crack velocity in both the cases is constant and is approximately 300 m/s.
Freund and Clifton (1974) have shown that the stress field with reference to a Cartesian coordinate
system moving with a smoothly propagating crack tip, for all plane elastodynamic solutions under mode-I
conditions, can be asymptotically described by the square-root singular expression:
JCd(t&(r,) = ,L_(c,a)+O(1), as r —+ 0. (28)2rr
Here (i', 0) is a polar coordinate system travelling with the crack-tip, E are known universal functions
of çb and a is the crack velocity (with respect to some fixed coordinate frame). Indeed, I((t), the so-called
dynamic stress-intensity factor in Mode-I, is the only factor which is dependent on the specific geometry
and loading conditions. Any finite region around the crack tip where the above asymptotic field dominates
(to within some acceptable error) will be referred to as a Kg-dominant region.
The transmission CGS fringe patterns are digitized for analysis to get fringe order (M1) and location
(r, çb) with respect to the crack-tip at each instant in time. If we now assume that the crack-tip fields are
I(-dominant, we find, using Eqn. (28) in the fringe relations (14) that:
jçd M
chV(à)r1312cos(3i/2) + o(r3/2) = . (29)v/
In the above,
. (1+)(c-c) - I I a 2lh/2D(a) = , 'ls ' 1 — i —4cia — (1 + a)2 • L% \Cl:s
'i = rcosçb{1 + citan2Ø}, 'I'i = taii1{citanc},
and Cl and c are the longitudinal and shear wave speeds of the material, respectively. Now, one can define
a function yd(r, ) as follows:
yd _ (Mip \/ r2 301 (i, ) _
chV(à)cos(3i/2)' (
It is apparent from the above and Eqn. (29) that in regions where Kg-dominance holds, Y' would be a
constant equal to the instantaneous dynamic stress-intensity factor K to within experimental error.
Figure (13) shows the plot 0fl7d against (r/h) for a specimen PD-li at a time instant afew microseconds
after crack initiation (a/w=0.23). Apparently, there seems to be no region around the crack tip over which
the function yd constant . Indeed the spread in 1Td values from different locations is as much as 400%.
Obviously, extraction of the dynamic stress intensity factor value cannot be based here on a simplistic
assumption of near tip K1-dominance. On the other hand, however, under static conditions, for an (a/w)
ratio of 0.2 we do seem to have a significant region (0.5 < r/h < 1.25) of I(1-dominance. This suggests that
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even though a specimen might exhibit a sizeable region of Kj-dorninance under static loading conditions,
there might be no corresponding region of 1(1-dominance under dynamic conditions.
Thus, Kg-dominance assumption does not appear to hold for a dynamically propagating crack at least
for times immediately after crack initiation. The initiation of a crack from a pre-cut notch is expected
to be a highly transient event, and this could be one source of the observed lack of Is[—dominance in the
experiments. so, could a Kg-dominant region develop around the propagating crack tip once the initiation
transients have attenuated? In Fig.(13), Y vs r/h for a later time slice, indicates that continuing higher
order transient effects and possible boundary interaction with the crack tip preclude the establishment of
a truly Ic[-dominant region for this specimen/loading configuration. In order to make sure that the above
phenomenon is not due to the rate dependence of the stress-optic constant, the data from the reflection
tests are analyzed in a manner similar to the one described above. Detailed discussion of the same can be
found in Ref.{18}. A plot of the reflection counterpart of yd namely, Z is plotted is plotted against r/h
in Fig.(14) which again shows a similar lack of 1(1-dominance as seen in transmission experiments.
In the absence of Kg-dominance, the use of steady state higher-order terms is commonly employed
when the method of photoelasticity [19] is used. However, recently a transient, higher-order stress field for
propagating cracks has been presented by Freund and Itosakis [20] wherein one need not have to assume a
steady state crack propagation. Based on this analysis, for transmission CGS fringe patterns, the following
expression can be written for a constant velocity crack propagation:
yd j-d f cos(i/2) j i cos(5çj/2) j j 1 j r'2I — I -r 1j'2cos(3c1/2) '3cos(3q1/2)J r1 '4cos(3qj/2) J 1
ía cos(j/2) i a i a cos(7j/2)l 2 i Ia cos(cj) 5/2 3 31jfJ5 cos(3j/2) 1 P6 T '7cos(3j5j/2) fr1 ,- jP8cos(3q51/2) f r1 —i- or ,,
where /32138 are constants to be determined. Under 1(1-dominance, yd will be a constant and equal to the
instantaneous stress intensity factor I(.
A least-squares procedure analogous to the one used in the static analysis is used to fit the right hand
side of the above equation to the digitized experimental data (7d) in the region r/h > 0.5. Figure (15)
shows the results for one particular time instant during crack propagation in specimen PD-il. It shows
good agreement between the reconstructed fringe pattern using the transient analysis (dotted lines) and the
experimentally obtained fringes. This conclusively shows that the observed lack of 1(1-dominance in the
two-dimensional region outside the near-tip three-dimensional zone is due to the important contribution
ofhigher-order terms to the total stress and deformation fields around the crack-tip.
(c) Crack Growth Along Birnaterial Interfaces
Applicability of CGS to the study of the failure of material interfaces is demonstrated by using the
method for mapping crack tip deformation fields near propagating bimaterial interface cracks. Bimaterial
specimens are subjected to symmetric three point bending [Fig.(16a)J. The specimens are made from
equal thickness sheets (thickness h=9 mm) of commercially available PMMA (material-i) and Al 6061-T6
(material-2). The two halves of the specimen are machined to ensure square edges and the bond between the
two materials is created using a commercially available4 methyl methacrylate monomer (MMA) (compound-
A) which polymerizes at room temperature when mixed with a catalyst (compound-B). This results in a
bond material with stiffness characteristics similar to that of material-i (see, Ref.[2i] for details). The
thickness of the bond so obtained is approximately 100 m. The specimen has a starter edge notch
of length 25 mm cut along the interface with a band saw of thickness 0.75 mm. The experiments are
conducted using transmission CGS. Naturally, 'this allows us to measure crack tip deformationsonly in
the transparent (PMMA) half of the specimen. Under displacement controlled loading, a crack initiates
4commercial name: Weldon-lO A&B, manufactured by IPS Corporation, Gardena, CA.
SPIE Vol. 1554A Speckle Techniques, Birefringence Methods, andApplications to Solid Mechanics (1991) / 183
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 2/27/2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
at the pre-cut notch tip and ropaates quasi-statically along the interface. The interference fringes that
represent the deformation ch (22) near the crack tip in PMMA.
In Fig.(16b) interference fringes from the bimaterial specimen PAS-8 for a/w=O.21 is shown. The
resolution of measurement is 0.025°/fringe. These interference patterns are analyzed using two dimensional,
singular, interfacial crack tip stress fields given by Rice, Suo and Wang [22]. For the deformation field
under consideration, K-dominant assumption in material-i leads to,
a(&11 + 722) chr312e) 3ç15 r • 34ch =
—Qi cos(— + E ln —) — 2EQi sin( — + 6 in —)Ox1 v'cosh(irE) 2 a 2 a
+Q2 sin( + E ln ) — 2EQ2 cos( + E in —)] = E (32)
where r, q are the crack tip polar coordinates, Qi = 1(1 cos b, Q2 = fK, sin and K (= Ki + iK2) is the
so-called complex stress intensity factor. The material mismatch parameter is given by,
1 fki i\ /K2 i\E=—ln (—+—J/(—+—J2ir \1L1 /12J \1L2 Thi
where k = for plane stress and v and (i=i,2) are the Poisson's ratio and shear modulus for
material-i and materiai-2, respectively. The phase angle using crack length a as the length scale is,
i/'(a) = tan_l{Im(Kaie)/Re(Kaie)]. (33)
In Eqn.(32) note that although remote loading is symmetric, the crack tip field is has both symmetric and
antisymmetric contributions due to the mismatch in elastic properties between the two materials. The
fringe patterns are digitized to obtain fringe order (M1) and fringe location (r,çt) in the crack tip region.
The experimental data can be analyzed using the above described (Eqn.(32)) field only if the measured
field is well approximated by plane stress conditions. In a three dimensional elastostatic finite element
analysis of a tensile bimaterial strip with a Griffith crack {23J, near an interface crack, three dimensional
deformations seem to occur all along the interface ahead of the crack tip (0°  çi5  45°). However, in the
region 45°  i50°, three dimensional deformations seem to decay to a 2-D field beyond r/h 0.5.
This allows one to use Eqn.(32) for interpreting the experimental data in the region behind the crack tip
(90° çt  150°). A least square data analysis is performed to determine Qi and Q2 from the experimental
data. Thus, jtexp ( %/Q2 + Q) and tan1(I2/Ki) are calculated and are compared with those obtained
from plane stress finite element calculations performed, on an identical specimen geometry and material
mismatch e, by O'Dowd and Shih [24]. The measured and predicted values IIl are in reasonably good
agreement. A detailed discussion of the same is available in Ref.[2i].
Conclusions
A real time optical interferometry called Coherent Gradient Sensing is developed for fracture mechanics
applications in general and dynamic fracture investigations in particular. The method being full field and
capable of working well in both transmission and reflection mod!s, provides an effective alternative to
other optical methods used for crack tip field investigations. The first order diffraction analysis indicates
that the interference patterns measured by the method are related to the local direction cosines of the
propagating wave front. These in turn are related to the crack tip stress and deformation gradients.
Several examples demonstrating the applicability of CGS to study quasi-static and dynamic fracture
in homogeneous and bimaterial solids are presented. Analysis of the fringes suggests a general lack of
K-dominance in the specimen geometries investigated. The interpretation of the full field data using
expansion fields seem to suggest that it is necessary to account for geometric and/or transient effects in
analyzing the experimental data in two dimensional regions.
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Fig. 10 Time sequence of + 22)/ôx1 fringes near a dynamically growing crack in
PMMA obtained using transmission CGS
Fig. 1 1 Time sequence of 8u3/ôx1 fringes near a dynamically growing crack in PMMA
obtained using reflection CGS
sp.# pdll/31 (a/w)O.23; DYNAMIC
nh
Fig. 12 Radial plat of experimental dynamic SIF for a time instant
20 micro-sec. after initiation
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